ABSTRACT A four-element linear dielectric resonator antenna array for beamforming applications with mutual coupling compensation is proposed for long term evolution band 40 (2.3 GHz). The effect of mutual coupling on the array beamforming pattern has been studied for the inter-element spacing of 0.32λ (wavelength), when the main beam is scanned in targeted directions with nulls placed toward unintended directions. Two mutual compensation methods, such as open-circuit voltage method and linear pattern correction method, are applied to compute mutual coupling matrices, which have been used to compute the compensated (coupling free) array elements weights to give the desired beamforming patterns. By applying the compensated complex feed coefficients, the various corrected beamforming patterns have been presented. It has been shown that the array element complex weights computed using the linear pattern correction method is more effective in compensating the effects of mutual coupling than open-circuit voltage method.
I. INTRODUCTION
Dielectric Resonator Antennas (DRAs) offer several advantages over conventional metallic antennas (such as patch) like higher radiation efficiency, wider impedance bandwidth, higher gain, compact size and low ohmic loss [1] . DRAs are 3-D structures like rectangular, cylindrical and hemispherical. Rectangular DRA (RDRA) has one degree of more freedom than cylindrical and two degrees of more freedom than hemispherical DRA. DRAs are widely used in Multiple Input Multiple Output (MIMO)/antenna arrays [2] - [7] and adaptive beamforming array applications [8] - [10] .
Mutual coupling, which is the electromagnetic interaction between the elements of an array, is a major performance degrading factor of a MIMO [11] and adaptive array [12] . DRAs being 3-D structures have stronger mutual coupling behaviour than other metallic antennas like patch [13] . Therefore, the computation and compensation of mutual coupling in beamforming arrays composed of DRA elements is of immense importance.
It is a well-known fact that the performance of a beamforming array would be degraded severely by mutual coupling. Henceforth, a lot of research contributions have been made to devise mutual coupling calibration methods so that the degradation caused by mutual coupling in the performance of the beamforming smart arrays can be minimized. Various physical phenomena can be used to represent the effects of mutual coupling in an antenna array. One phenomenon is the change in the induced terminal voltage of antenna element [14] , while another one is the change in the current distribution on the array element [15] . Moreover, the element patterns inside the array environment which are called embedded element patterns or active element patterns (AEPs) are changed due to the mutual coupling effects [16] . All these three phenomena are correlated with each other, however, different techniques are adopted to mitigate the effects of mutual coupling.
During the past few decades, various mutual coupling compensation techniques have been proposed. The opencircuit voltage method [12] is one of the most widely used compensation method, in which the open-circuit voltages are treated as coupling free. Also, a modified version of [12] computes a coupling matrix that can be used to compensate the effects of mutual coupling [17] . However, in [12] and [17] , the scattering from the open circuited antenna array are ignored, therefore, this method is more suitable for array with wired elements. Other mutual coupling compensation methods like minimum norm method [18] and the receive impedance method [19] are also proposed for mitigating mutual coupling effects but they are also more accurate for wire element arrays. Another, very familiar method of mutual coupling compensation is the linear pattern correction method in [20] and [21] , which is also termed as the element pattern reconstruction method in some communications like [16] and [22] . In this method a coupling matrix, which is simply an averaged effect of the angle dependant relation between the stand alone and active element patterns is determined and is used to compensate the effects of mutual coupling. Most of these coupling compensation techniques have been used on arrays composed of wire elements like half wave dipoles or microstrip patch elements. In this paper, the effects of mutual coupling among the RDRA elements are compensated by using the Open Circuit Voltage Method (OCVM) [17] and the Linear Pattern Correction Method (LPCM) [20] and a comparison is made between the two techniques. It is shown that LPCM is more effective for mutual coupling compensation in the RDRA array environment.
Beamforming antenna arrays have found considerable attention in wireless communication systems. They are employed in a relay station, which is an integral part of the current 4G wireless system [23] , in satellite communication [24] , radar applications [25] and microwave imaging [26] . Due to the diverse use of beamforming arrays, they play a critical role in these systems by orienting the main beam towards the desired user and nulls towards the interferers simultaneously. Different radiating elements can be used in these beamforming arrays (wire, patch antennas etc.). DRAs due to their numerous advantages over conventional antennas are suitable candidates for beamforming applications in these areas. The adaptive beamforming arrays composed of DRA elements found in open literature are not tested with these mutual coupling compensation methods. In [27] - [29] , the authors have investigated the effects of mutual coupling in various DRA array configurations without providing its mitigation.
In [8] , a four-element RDRA linear phased array with liquid crystal (LC) based phase shifters, biasing and RF-feeding network operating at 10 GHz has been presented. The simulated and measured results confirm a beam scanning range of ±30 • from the broadside. However, no analysis of the effects and mitigation of mutual coupling on the array performance are provided. In [30] , a four-element stacked DRA array made of bulk-glass ceramic and separated by λ/2 inter-element spacing has been proposed for C/X band beam scanning applications. The beam scanning has been achieved by using loaded line tunable phase shifters based on inkjet printed BST thick film technology. A beam scanning of ±30 • has been achieved by applying proper voltage across the phase shifters. Mutual coupling and its mitigation is not considered. More recently in [31] , parametric assimilation technique has been suggested for broad-side radiation pattern correction in mutually coupled dipole antenna arrays. Optimization technique has been used to update the expressions of mutual currents to correct the broad-side radiation pattern.
In this article, theoretical and experimental investigation of a four-element beamforming Rectangular DRA array with mutual coupling compensation is presented and discussed. A four-element linear DRA array with mutual coupling compensation for LTE band 40 (2.3 GHz) has been examined as a potential candidate for an adaptive beamforming array in femtocell or relay station. A mutual coupling matrix computed by using both the Open Circuit Voltage Method (OCVM), and the Linear Pattern Correction Method (LPCM) has been used to compute the compensated array element weights which are then used to compensate the effects of mutual coupling in a four-element linear DRA array when the main beam is scanned to different targeted angles as well as specifying the nulls simultaneously.
The rest of the paper is organized as follows: in Section II, four-element array mathematical concepts are discussed along with the computation of the complex array weights without considering mutual coupling. In section III, the proposed mutual coupling compensation techniques are discussed with mathematical formulation. The measurement setup description along with the measured results and discussion is the content of Section IV. The paper concludes with Section V. 
II. FOUR-ELEMENT RECTANGULAR DIELECTRIC RESONATOR ANTENNA (RDRA) ARRAY
Consider a four-element RDRA array along the y-axis as shown in Fig. 1 . The array factor of the four-element linear array along the y-axis is given by [32] : 
where w n are the complex weights (excitation coefficients) to be determined to give the desired targeted and null radiation patterns of the linear array, d is the inter element spacing and λ is the wavelength. The angle θ represents the direction of the targeted/null direction. For this work, two beamforming patterns have been defined for different values of θ as summarized in Table 1 . In order to compute the complex weights w n for the proposed array to produce the required beam patterns, linear algebra method [33] has been used. The complex array element weights are computed by using [33] :
where
and a n = e −j 
where B is a 4×1 forcing function matrix for the steering vector matrix A. These weights do not include the effect of mutual coupling. In this paper, an inter-element spacing of d = 0.32λ has been used in order to have a strong mutual coupling environment. The complex ideal array weights for the given scan angles (Table 1) are provided in Table 2 and are computed using (3). This table contains the weights in magnitude and phase (degree) form for the four elements of the DRA array.
III. MUTUAL COUPLING COMPENSATION
Two methods of mutual coupling compensation have been used to compute the mutual coupling matrix, which is then used to compute the compensated complex array weights. First the coupling matrix (denoted by C OCVM ) is calculated based on Open Circuit Voltage Method (OCVM) [17] and second the coupling matrix C LPCM is calculated using Linear Pattern Correction Method (LPCM) [20] . These coupling matrices will be used to compute the compensated complex weights to drive the antenna elements in the array.
A. MATRIX C OCVM COMPUTATION USING OCVM
The open circuit voltages V OC (coupling free) are related to the terminal voltages (V T ) by the impedance matrix given as [12] :
In matrix form (4) can be written as
The open circuit voltage column matrix V oc represents the ideal array weights without mutual coupling i.e., V oc =w, where w is given in (3). The terminal voltage column vector V T represents the array weights containing the effects of mutual coupling and can be written as
Equation (6) shows that the normalized impedance matrix is used to model the effects of mutual coupling as given in [12] . In order to derive the mathematical form of C OCVM matrix, a circuit model of the proposed array elements in the isolated state as well as in the form of array is presented in Fig. 2 and 3 , respectively [34] . Where Zs, Za, Z L are the source, antenna and load impedances, respectively. In Fig. 3 , the control voltage source V ci is the induced voltage by mutual coupling from the neighbouring elements. The total induced voltage V indi in the i th element by the incident plane wave and mutual coupling effect of the neighbouring elements as shown in Fig. 3 can be written as [35] :
VOLUME 4, 2016 where V si is the voltage induced by the plane wave at angle θ or represents voltage of the driven source and V ci is the voltage induced due to mutual coupling from the neighboring elements. Equation (7) can be rewritten as:
where V oci is the open circuit voltage at the i th element while all the remaining antenna elements are open circuited. I j is the terminal current at the j th element and Z ij denotes the mutual impedance matrix which is given below:
By considering Fig. 3 , V indi can also be written as:
Equating (8) and (10), we obtain
or
where Z R is the mutual impedance matrix, I L is the terminal current vector and Z L is the diagonal load impedance matrix as:
Substituting (13) in (14), V L takes the form as:
where C OCVM is the coupling matrix given by
C OCVM matrix is different from the normalized impedance matrix Z c of (6) and gives better results in compensating the effects of mutual coupling than Z c . The matrix C OCVM is then used to compute the compensated RDRA array weights as follows:
where W OCVM recov are the compensated array weights (including the effects of mutual coupling) and w T are the uncompensated array weights (without including the effects of mutual coupling) given by (3).
B. MATRIX C LPCM COMPUTATION BY USING LPCM
The LPCM is the second method used to compute the coupling matrixC LPCM and is given by [20] :
and
where pinv is the pseudoinverse that provides an LSE (Least Square Error) solution including phase information and superscript H denotes the complex conjugate transpose. F ideal or F actual is N × M matrix having N element patterns a i (θ ) with M observation directions. F ideal contains the element pattern a i (θ ) without mutual coupling and the matrix F actual contains the element pattern a i (θ) with mutual coupling. F contains the data in complex form as it includes both magnitude and phase information. The element patterns contained in F ideal or F actual may be the ideal (isolated) element patterns (without mutual coupling effects) or the actual element patterns called the active or embedded element patterns. The element pattern in the array environment is given as:
where f i (θ) is the isolated element pattern as a function of θ and the exponential term is the position dependent phase delay for the i th element. The matrix F can be written as [21] :
The matrix F can be extracted either from 3D simulation tool or measurements as will be explained in Section 4. The coupling matrix C LPCM can then be used to obtain the recovered element patterns F recov and the recovered/compensated weights W recov that are free of mutual coupling effects as:
where F actual is the measured active element patterns matrix containing the effect of mutual coupling, F recov are the recovered or compensated element patterns matrix and w T is the ideal feeding vector that can be obtained from (3). 
IV. MEASURED RESULTS
To investigate and validate the effects of mutual coupling compensation methods described in Section III, a fourelement beamforming DRA array was manufactured as shown in Fig. 4 . An FR4 substrate with permittivity of 4.6 and thickness of 1.6mm was used. The permittivity of the DR is 15. The overall size of the array is 166 mm. All the values in Fig. 4 are in mm. The inter-element spacing (d) of 0.32λ was selected for the analysis and mitigation of strong mutual coupling among the DRA elements.
A. MEASURED S-PARAMETERS AND ACTIVE ELEMENT PATTERNS
The return loss (S 11 Next, the AEPs of the prototype DRA array were measured in a fully calibrated anechoic chamber and the results are shown in Fig. 6 . The AEP of an individual DRA in the array was measured by connecting it to the VNA while all other ports were terminated with matched loads. The results VOLUME 4, 2016 in Fig. 6 show that the isolated elements pattern (without including the effects of mutual coupling) is symmetric and broadside as compared to the AEPs in the array environment that includes the effects of mutual coupling. The effects of distorted AEPs on the beamforming patterns will be discussed in Sub-section 2.4. The distorted AEPs can be compensated using (21).
B. FOUR-ELEMENT DRA ARRAY BEAMFORMING MEASUREMENTS
In this section, the measured beamforming radiation patterns of the array will be presented for two beam formation patterns as described in Table 1 of Section II. First, the experimental setup is presented followed by the measured results.
1) EXPERIMENTAL SETUP
For the beamforming radiation pattern measurements, the experimental setup is shown in Fig. 7(a) . It includes, a low noise amplifier (ZX60-33LN+) that feeds a 1×8 power divider (ZN8PD1-53+). Four voltage controlled attenuators (ZX73-2500+) are connected to the four outputs of the power divider to control the magnitude of the complex weights to drive the DRA array. Four voltage controlled phase shifters (HMC928LP5E) are then connected to the output ports of each attenuator to control phase of the driven DRA elements. The setup is shown in Fig. 7(b) . Finally the four DRA elements are connected to the output ports of the phase shifters. The beamforming radiation patterns measurement procedure of the DRA array is presented below in details.
Voltage controlled attenuators (ZX73-2500+) and phase shifters (HMC928LP5E) were used to obtain the required attenuation and phase shift required by each element for beamforming patterns. By using different values of control voltage, the attenuator and phase shifter give different values of attenuation and phase shift. The control voltages were provided by power supplies (GW GPC-3030D) with dual output ports.
To generate beamforming patterns of Table 1 in section II, it is necessary to know the output attenuation and phase at the output of the attenuator and phase shifter. To provide the required attenuation and phase shift (Table 2, Section II) to each DRA element in the array, one port of the VNA is connected to the amplifier while the other is connected to the output of the phase shifter and the control voltage of both the attenuator and phase shifter is adjusted to a value that is close to the element weight (magnitude and phase) as shown in Fig. 8(a) . The value of the transmission coefficient ''S 21 '' (magnitude and phase) provides this information. This magnitude and phase give the actual value at the output of the phase shifter. The values (amplitudes and phases) of these signals must be very close to the array element weights that are calculated using equations (3), (7) and (22) . The same procedure is repeated for other DRA elements in the array.
After getting the required attenuation and phase shift at the individual DRA element in the array, the beamforming radiation patterns (Table 1 , Section II) measurements were carried out in a fully calibrated Anechoic Chamber. One port of the VNA was connected to the standard Horn antenna, which was serving as a receiving antenna. The other port of the VNA was connected to 1×8 (ZN8PD1-53+) equal power divider via low noise amplifier (ZX60-33LN+) to compensate for the cable losses (9 dBm) as shown in Fig. 8(b) . The four outputs of the power divider were connected to the array elements via attenuators (ZX73-2500+) and phase shifters (HMC928LP5E) to achieve the individual weights to be fed to each array element for beamforming applications.
2) MEASURED BEAMFORMING PATTERN RESULTS
Next, the complex weights for two beamforming patterns in Table 1 were computed using (3), (17) and (22) . The complex weights computed using (3) represents the weights that do not take mutual coupling into account. The weights calculated using (17) and (22) includes the effects of mutual coupling. The beam forming pattern generated with these techniques are described below:
a: BEAMFORMING PATTERN RESULTS USING IDEAL COMPLEX WEIGHTS
The ideal weights computed using (3) are given in Table 2 for two different beamforming radiation patterns. The fourelement DRA array shown in Fig. 4 was driven with these weights using attenuators and phase shifter, and the results are shown in Fig. 9 . The simulated and measured nulls in both the patterns are deviated from the ideal ones due to strong mutual coupling among the DRA elements. In Fig. 9(a) , the deviation of measured nulls from the ideal one is within ± 2-3 • , while the deviation of the measured nulls are within 1-4 • Table 1. in Fig. 9(b) . This shows that both the beamforming patterns in Fig. 9 are deteriorated due to the presence of strong mutual coupling effects among the DRA elements.
b: BEAMFORMING PATTERN RESULTS USING OCVM
Next to mitigate the effects of mutual coupling and to improve the beamforming patterns, the compensated weights were computed using OCVM discussed in Section III (A). The computed weights using (17) are given in Table 3 . The fabricated four-element DRA array in Fig. 4 was driven with these weights and the beamforming patterns measured in a fully calibrated anechoic chamber are given in Fig. 10 . The ideal (without taking mutual coupling effects into account) in Matlab and compensated simulation patterns in HFSS are also shown in the figure. The compensated beamforming pattern (broadside) in Fig. 10(a) is very close to the ideal one, while the compensated beamforming pattern (off broadside) in Fig. 10(b) is still deviated from the ideal one, which shows that OCVM does not recover the off broadside beamforming patterns.
c: BEAMFORMING PATTERN RESULTS USING LPCM
Finally to investigate the effect of LPCM to mitigate the effects of mutual coupling, the complex weights were VOLUME 4, 2016 FIGURE 10. Normalized compensated Beamforming Patterns in Table 1 computed from (17) Table 1 . calculated using (22) and are given in Table 3 . Then the four-element DRA array in Fig. 1 was simulated in HFSS using these weights. Similarly the fabricated array in Fig. 4   FIGURE 11 . Normalized compensated Beamforming Patterns in Table 1 computed from (22) Table 1. was driven with these weights using attenuators and phase shifters. The simulated and measured compensated beamforming patterns are shown in Fig. 11 . As can be seen, both the patterns (broadside and off broadside) are fairly compensated using LPCM.
d: DISCUSSION
As pointed earlier that the isolated element pattern which is the pattern of an element in the absence of other elements can be reconstructed from the embedded element pattern, which is the pattern of an element in an array environment (effected by mutual coupling) by using the coupling matrix using (23 a&b) . By using these equations, the isolated element patterns for the above discussed array have been recovered by using both OCVM and the LPCM and are shown in Fig. 12(a) and Fig. 12(b) , respectively.
As discussed in Subsections 2.2 and 2.3, the compensated beamforming pattern using LPCM gives better results as compared to OCVM. This can be explained as follows: In Section III (B), it was shown that the isolated element pattern (pattern of an element in the absence of other elements in the array) can be recovered from AEP (pattern of an element in an array environment due to coupling) using the coupling matrices in (16) and (18), i.e.,
(23a)
The measured results of (23a) and (23b) (measurement procedure was discussed in Section IV (B-1)) are given in Fig. 12(a) and Fig. 12(b) . It is evident that the recovered DRA element patterns using C LPCM in (23b) gives better results than the C OCVM in (23a) in terms of giving good match with the isolated element pattern (black color). Therefore, it can be deduced that the beamforming patterns recovered by the LPCM are closer to the ideal ones than the beamforming patterns recovered by OCVM and hence LPCM has compensated the effects of mutual coupling more effectively than Table 1. the OCVM. This is obvious in Fig. 10(a)-11(b) . A comparison of both methods in compensating the effects of mutual coupling in the proposed four-element DRA array is shown in Fig. 13(a) and Fig. 13(b) . The patterns shown in Fig. 13 (a) and (b) are simulated patterns.
V. CONCLUSION
In this paper, a four-element linear DRA array with 0.32λ inter-element spacing was considered for beamforming applications at LTE band 40. In order to analyze the performance of the beamforming array, two beamforming radiation patterns (for pattern 1, main beam is scanned to −20 • with nulls at −50 • , 10 • and 40 • and for pattern 2, main beam is defined at 0 • with nulls at −50 • and 50 • ) were considered. Then the effect of mutual coupling and its compensation was investigated on these beamforming patterns, using two methods: OCVM and LPCM. The computed mutual coupling matrices using OCVM and LPCM were used to obtain the compensated array complex weights, so that mutual coupling effects can be compensated. For experimental validation, a prototype of the proposed array was fabricated and the results were measured in terms of S-parameters, active element patterns and array patterns. Voltage controlled attenuators and phase shifters were used for implementation of these complex element weights (both ideal and compensated). The simulated and measured results showed good agreement. It has been concluded from measurements that LPCM outperforms OCVM for recovering the array beamforming patterns by incorporating the mutual coupling matrices in the analytical expressions. 
